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Prolonged wakefulness is associated not only with obvious
changes in the way we feel and perform but also with well-known
clinical effects, such as increased susceptibility to seizures, to
hallucinations, and relief of depressive symptoms. These clinical
effects suggest that prolonged wakefulness may be associated
with significant changes in the state of cortical circuits. While
recent animal experiments have reported a progressive increase of
cortical excitability with time awake, no conclusive evidence could
be gathered in humans. In this study, we combine transcranial
magnetic stimulation (TMS) and electroencephalography (EEG) to
monitor cortical excitability in healthy individuals as a function of
time awake. We observed that the excitability of the human frontal
cortex, measured as the immediate (0--20 ms) EEG reaction to TMS,
progressively increases with time awake, from morning to evening
and after one night of total sleep deprivation, and that it decreases
after recovery sleep. By continuously monitoring vigilance, we also
found that this modulation in cortical responsiveness is tonic and
not attributable to transient fluctuations of the level of arousal. The
present results provide noninvasive electrophysiological evidence
that wakefulness is associated with a steady increase in the excit-
ability of human cortical circuits that is rebalanced during sleep.
Keywords: compensatory tracking task, EEG, human cortical excitability,
sleep deprivation, transcranial magnetic stimulation
Introduction
When we stay awake too long, we become drowsy, we may
experience lapses in vigilance, and we feel a general sense of
heaviness or tiredness. Objectively, prolonged wakefulness leads
to measurable performance impairments at all levels, ranging
from simple reaction time tasks (Lim and Dinges 2008) to
higher order cognitive functions (Horne 1993; Killgore 2010),
including a saturation of learning capacity (Mander et al. 2011).
Clinically, staying awake increases the risk for seizures (Gastaut
and Tassinari 1966) and the chance to encounter hallucinations
(Babkoff et al. 1989), while it may relieve depressive symptoms
(Riemann et al. 2002). By an electroencephalographic (EEG)
standpoint, prolonged wakefulness is associated with high
spectral power in the theta range (4--7 Hz) and with large slow
waves (0.5--4.5 Hz) during subsequent sleep (Borbe´ly and
Achermann 2005). Altogether, these observations suggest that
the state of cortical circuits may change signiﬁcantly as a
function of time awake. Recent in vitro and in vivo animal
experiments have found evidence for a net prevalence of
synaptic potentiation processes during wakefulness, leading to
a gradual buildup of cortical excitability. Thus, prolonged
wakefulness has been found to increase the frequency and
amplitude of miniature excitatory postsynaptic currents in
cortical slices (Liu et al. 2010) and the number and size of
central synapses in Drosophila melanogaster (Bushey et al.
2011). In rats, wakefulness has been shown to increase the ﬁring
rate and the synchronization of cortical neurons (Vyazovskiy
et al. 2009) and the slope of the local ﬁeld potential (LFP)
evoked by electrical cortical stimulation, which is a classic
marker of synaptic strength in vivo (Vyazovskiy et al. 2008).
In humans, cortical excitability can be studied by means of
transcranial magnetic stimulation (TMS), a noninvasive tool
enabling the direct stimulation of cortical neurons. Hence,
a number of studies have applied TMS over the motor cortex
and have recorded the subsequent surface electromyographic
(EMG) activity (TMS-EMG) of peripheral muscles to study the
effects of sleep deprivation on motor-evoked potentials (MEPs).
These studies did not ﬁnd any signiﬁcant modulation of MEPs
by time awake in healthy subjects (Manganotti et al. 2001;
Sale et al. 2007; Doeltgen and Ridding 2010) or have found
conﬂicting results (Civardi et al. 2001; Manganotti et al. 2001;
De Gennaro et al. 2007; Kreuzer et al. 2011).
In the present work, we assessed the excitability of human
cortical circuits by an approach that is closer to the one em-
ployed in the animal model, where the amplitude and the slope
of the early LFP response to cortical stimulation is measured
(Bliss and Lomo 1973; Vyazovskiy et al. 2008). In order to do
so, we used simultaneous TMS/EEG, a technique that allows
measuring directly the local and early electrical response of
cortical neurons to TMS, while bypassing subcortical, sensory,
and motor pathways. Recent studies have demonstrated that
TMS-evoked potentials (TEPs) have a high test--retest reproduc-
ibility, provided that the stimulation parameters are controlled
by means of a navigation system (Lioumis et al. 2009), and that
they can be employed to detect and track changes of cortical
excitability over time at the single-subject level (Casarotto et al.
2010). Here, we measured the slope and amplitude of the early
(ﬁrst 20 ms) and local EEG response to TMS during a day of
baseline wakefulness, after one night of total sleep deprivation,
and after one night of recovery sleep. We found that prolonged
wakefulness brings about a signiﬁcant increase of the immediate
EEG response to TMS at the single-subject level and that this
increase is rebalanced by one night of recovery sleep.
Materials and Methods
Subjects
The study was approved by the Local Ethical Committee of the Hospital
‘‘Luigi Sacco,’’ Milan and involved 6 healthy volunteers (1 female, age
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25--41) who gave their written informed consent. All subjects underwent
clinical, neurological, and psychiatric examinations to rule out history or
presence of drug/alcohol abuse, major medical/neurological disorders,
and exclusion criteria for TMS application. Throughout the protocol,
regular meals were scheduled (~7:30 AM, ~1:00 PM, ~7:30 PM), and in-
between subjects could watch movies, listen to music, play video games,
card, and board games, and interact with the researchers. Participants
were not allowed to engage in heavy physical activity, consume caffeine/
alcohol and other stimulants, or leave the laboratory area except for
short walks under researchers’ supervision.
Experimental Protocol
The entire experimental protocol lasted 4 consecutive night/day
cycles, including one regular night/day cycle for adaptation to the lab
environment, and was organized as follows (Fig. 1a):
1. Baseline night (11:00 PM to 7:00 AM): subjects were sleeping and
spontaneous EEG was continuously recorded.
Baseline day (7:00 AM to 11:00 PM): subjects underwent 3
experimental sessions (9:00 AM; 3:00 PM; and 9:00 PM), each
encompassing the following measurements: 1) vigilance, by means
of the psychomotor vigilance task (PVT, Dinges and Powell 1985;
60 trials), 2) TEPs, and 3) 3 min of spontaneous EEG (eyes open).
During the afternoon session (3:00 PM), an additional TEP and
spontaneous EEG measurement was carried out while subjects were
engaged in the compensatory tracking task (CTT, see below).
2. Sleep deprivation night (11:00 PM to 7:00 AM): subjects were totally
sleep deprived under the continuous supervision of one experi-
menter.
Sleep deprivation day (7:00 AM to 11:00 PM): subjects underwent
one experimental session at 3:00 PM (PVT, TEPs, TEPs during CTT,
EEG, EEG during CTT were recorded). PVT was also administered at
9:00 PM, to measure vigilance at the end of the entire period of
prolonged wakefulness.
3. Sleep recovery night (11:00 PM to 7:00 AM): spontaneous EEG was
continuously recorded while subjects were sleeping.
Sleep recovery day (7:00 AM to 11:00 PM): subjects underwent one
experimental session at 3:00 PM (PVT, TEPs, EEG were recorded).
Three days before the experiment, subjects followed regular bed
times to ensure stable circadian entrainment.
TMS Targeting
TMS pulses were generated by a Focal Bipulse 8-Coil (Eximia TMS
Stimulator; Nexstim Ltd., Helsinki, Finland) (Fig. 1b). A Navigated Brain
Stimulation (NBS) system (Nexstim Ltd., Helsinki, Finland) was used to
locate the TMS target on individual structural magnetic resonance
images (1-T Phillips scanner, 1 mm3 spatial resolution) and to real-time
control the reproducibility of stimulation parameters across sessions
(Casarotto et al. 2010). TMS was targeted to the convexity of the
middle or caudal portion of the superior frontal gyrus within the left
supplementary motor cortex, with the current perpendicular to its
main axis. Indeed, the left frontal lobe was previously shown to be most
susceptible to sleep deprivation (e.g., Horne 1993). TMS target location
was slightly adjusted across subjects to adapt to individual anatomy and
to maximally prevent the unwanted activation of muscles and nerves
(for individual coordinates, see Supplementary Table 1). In each subject,
stimulation intensity was adjusted to deliver an induced electric ﬁeld
between 120 and 130 V/m on the cortical surface, as estimated by the
NBS system. In each session, about 200--300 pulses were delivered (mean
± standard deviation [SD] over all sessions: 261 ± 40 pulses) with an
interstimulus interval randomly jittered between 600 and 750 ms. This
stimulation rate does not induce signiﬁcant reorganization/plasticity
processes that might possibly interfere with the longitudinal measure-
ments (Casarotto et al. 2010).
EEG Recording
EEG was recorded with a 60-channel TMS-compatible ampliﬁer
(Nexstim Ltd., Helsinki, Finland), equipped with a proprietary sample-
and-hold circuit that prevents TMS-induced artifacts (Virtanen et al.
1999). EEG cap was repositioned before each experimental session,
controlling for reproducibility of location using the NBS system.
Impedance at all electrodes was always kept below 5 kX. Vertical
electrooculogram was recorded with 2 additional electrodes to measure
eye movements and blinks. Signals were band-pass ﬁltered between
0.1 and 500 Hz and sampled at 1450 Hz. During the TMS stimulation,
subjects wore inserted earplugs continuously playing a masking noise
that abolished the auditory potentials elicited by TMS-associated clicks
(Massimini et al. 2005). Daytime experimental sessions were performed
while subjects had their eyes opened and were monitored by video
recording.
Compensatory Tracking Task
The goal of the CTT is to keep a cursor on a circular target located
in the center of a computer screen, using a trackball input device. The
cursor is displaced by 2 forces, a random buffeting force and a radial
distraction force. The user must compensate these 2 computer-generated
forces by continuously interacting with the trackball. Performance is
measured as the distance, in pixels, between the cursor and the target.
After a training session performed to avoid learning effects, the CTT
allows monitoring continuously the level of vigilance; transitory lapses of
vigilance immediately result in temporary increases of the target--cursor
distance (Makeig and Jolley 1996). The time courses of target--cursor
distances were used to study the correlation between short-term ﬂuc-
tuations in the vigilance level and changes in TEPs and spontaneous EEG,
as described below.
Data Analysis
Data were analyzed using MATLAB (The Mathworks Inc., Natick, MA).
Continuous EEG recordings gathered during TMS stimulation were
split into epochs between –80 and 300 ms around TMS pulses. Single
trials and channels contaminated by artifacts or eye movements were
rejected following a semi-automatic procedure (Casarotto et al. 2010).
Altogether, 213 ± 35 trials (mean ± SD across all sessions and subjects)
were analyzed. Then, EEG recordings were band-pass ﬁltered between
2 and 80 Hz, downsampled at 725 Hz, and rereferenced to the average
reference. To evaluate cortical excitability, we focused on the ﬁrst large
EEG component triggered by TMS. This component was highly
reproducible across subjects and was invariably comprised between
a negative deﬂection at 10 ± 1 ms and a positive deﬂection at 20 ± 2 ms
(±SD across subjects), mainly detectable at electrodes AF1, AFz AF2, F5,
F1, Fz, F2, FC3, FC1, FCz, FC2, C3, C1, and Cz on the grand average (Fig.
1c for a single-subject example). A set of 14 region of interest
electrodes was individually selected to account for the small in-
terindividual differences of coil position and was kept constant across
sessions in each subject. TEPs were averaged in space across this set of
sensors, and their single-trial peak-to-peak amplitude and slope (mean
ﬁrst derivative of the rising segment as in Vyazovskiy et al. 2008) were
calculated (see Supplementary Fig. 1). At the single-subject level,
signiﬁcant differences of amplitude and slope between session pairs
were assessed by two-tailed two-sample t-tests applied to the
corresponding single-trial measurements (n ~ 180--260).
The obtained P values were Bonferroni-corrected with factor 5
(5 comparisons of interest: 1) baseline morning [9:00 AM] vs. baseline
evening [9:00 PM], 2) baseline afternoon [3:00 PM] vs. sleep deprivation
afternoon [3:00 PM], 3) baseline evening [9:00 PM] vs. sleep deprivation
afternoon [3:00 PM], 4) sleep deprivation afternoon [3:00 PM] vs.
recovery afternoon [3:00 PM], 5) baseline afternoon [3:00 PM] vs.
recovery afternoon [3:00 PM]). At the group level, amplitude and slope
changes were assessed by Friedman’s nonparametric analysis of
variance (ANOVA) followed by Fisher’s least signiﬁcant difference test
for post hoc paired comparisons. Changes in sleep stages and slow
wave activity (log transformed, averaged across all electrodes) were
assessed by two-tailed paired t-tests.
Waking spontaneous EEG was analyzed to quantify the spectral
power in the theta frequency range (4--7 Hz). Continuous EEG
recordings were rereferenced to the average reference and divided
into 4-s epochs. Power spectra were computed by Fast Fourier
transform (FFT, frequency resolution 0.25 Hz) for each subject and
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session and were then averaged over epochs, accepted channels, and
frequency bins in the theta frequency range (4--7 Hz). Spontaneous EEG
theta power as well as PVT performance were compared among
sessions at the group level by Friedman’s nonparametric ANOVA
followed by Fisher’s least signiﬁcant difference test. In the case of PVT,
statistics were computed on the 10th percentile of the longest reaction
time.
Overnight recordings were sleep staged in 20-s epochs according
to standard criteria (American Academy of Sleep Medicine standard
criteria; Iber et al. 2007), and power spectra were calculated for
continuous 20-s epochs for all channels (FFT routine).
Single-trial amplitude and slope of the ﬁrst TMS-evoked EEG
component and single-epoch theta power of spontaneous EEG were
likewise computed for the recordings obtained during CTT. Moreover,
single-trial TEP measurements as well as single-epoch theta power
of spontaneous EEG were correlated with the concurrent level of
performance. Single-trial task performance was computed as the mean
distance of the tracker ball from the target in the temporal window
between –1 and 2 s around TMS pulses and in the 4-s long epochs of
spontaneous EEG, respectively. In order to test whether short-term
ﬂuctuations in vigilance were related to cortical excitability and EEG
slowing, single-trial task performance was correlated with TEP
measurements and theta power of spontaneous EEG by applying the
Pearson’s correlation coefﬁcient.
Results
All subjects showed good sleep as veriﬁed by standard scoring
of the sleep EEG (American Academy of Sleep Medicine
standard criteria; Iber et al. 2007). Sleep in the recovery
night showed the typical response to sleep deprivation,
which included a shortened latency to the ﬁrst occurrence
of nonrapid eye movement sleep stage N2 (sleep deprivation,
5.8 ± 1.1 min; baseline, 12.1 ± 1.1 min; P < 0.05), reduced
waking (sleep deprivation, 5.4 ± 0.9 min; baseline, 12.6 ± 1.0 min;
P < 0.005), and a global increase in spectral power in the slow-
wave frequency range (1--4.5 Hz; Supplementary Fig. 2).
After one night of sleep deprivation, the slope and amplitude
of the early (10--20 ms) TEP, measured at the same time of day
(3:00 PM), increased signiﬁcantly (P < 0.001) in each subject;
the response returned to the baseline level after one night of
recovery sleep (Fig. 1d for single-subject level statistics, Table 1
and Fig. 2 for group-level statistics). A progressive increase of
the cortical response was also observed during 12 h of baseline
wakefulness, from morning (9:00 AM) to evening (9:00 PM),
reaching signiﬁcance in 5 subjects of 6 (Fig. 1e). In all cases,
TEPs were signiﬁcantly (P < 0.001) larger in the afternoon
(3:00 PM) after sleep deprivation compared with the previous
evening (9:00 PM). Thus, staying awake brought about a gradual
increase of cortical excitability that was measurable and sig-
niﬁcant at the single-subject level; this increase was reverted by
one night of recovery sleep. Mean slope and amplitude changes
across sessions were signiﬁcantly correlated at the single-
subject level (Pearson’s correlation coefﬁcient 0.93 ± 0.02
mean ± SD across subjects; P < 0.001). Supplementary Figure 3
shows the grand average TEP in all conditions.
Figure 1. (a) Schedule of the experimental protocol (adaptation night/day cycle is
not shown). Black arrows indicate the daytime experimental sessions. EEG was
recorded during the baseline and recovery night and during the experimental sessions
while collecting resting EEG, CTT, and TEP. (b) TMS was targeted to the left frontal
cortex by means of a neuronavigation system that ensured stimulation reproducibility
across sessions. (c) Average EEG response to TMS in all channels (top) and
instantaneous topographical maps of scalp voltages (bottom) (data from subject 1).
Black traces refer to the TEPs recorded from a region of interest (ROI) around the
stimulated site (AF1, AFz AF2, F5, F1, Fz, F2, FC3, FC1, FCz, FC2, C3, C1, and Cz
channels highlighted in black on the topographical maps below), where TMS evoked
a clear negative-to-positive deflection. After averaging the single-trial responses
across the channels in the ROI (red trace), cortical excitability was measured as the
slope and amplitude of the early negative-to-positive component of the evoked
response (from 10 ± 1 to 20 ± 2 ms). (d) Superimposition of TEPs recorded during
baseline day, sleep deprivation day, and recovery day for each subject. The
measurements were carried out at the same time (3:00 PM) to control for circadian
effects. (e) Superimposition of TEPs measured during baseline day, from morning
session (9:00 AM) to evening session (9:00 PM) in each subject. (d,e) Black arrows
indicate TMS pulses. Bar graphs illustrate average values (±standard error of the
mean) of amplitude and slope. Bonferroni-corrected two-tailed paired t-tests between
sessions: *P \ 0.05, **P \ 0.01, ***P \ 0.001, NS 5 not significant. Upper row:
subjects 1--3, lower row: subjects 4--6. Shadows around the TEP traces indicate the
standard error of the mean. In subject number 6 TEPs from the recovery night could
not be analyzed due to technical artifacts.
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Figure 2 shows group-level results and allows comparing the
modulation of early TEPs during prolonged wakefulness with the
corresponding modulation of spontaneous EEG theta power and
of PVT performance. While TEP amplitude and slope increased
signiﬁcantly (P < 0.01) already from morning to evening during
the baseline day and increased further in the afternoon after sleep
deprivation (Fig. 2a,b), theta power showed a signiﬁcant increase
after sleep deprivation but no modulation during baseline day
(Fig. 2c). Similarly, PVT reaction time did not change during base-
line day and increased signiﬁcantly only in the evening preceding
the recovery sleep, when vigilance is maximally affected by the
entire period of prolonged wakefulness (Fig. 2d).
Typically, after a period of prolonged wakefulness, subjects
tend to fall into short-lasting (tens of seconds) episodes of
drowsiness that are associated with severe performance
impairment and with transient increases of low theta (4--5
Hz) EEG power (Makeig and Inlow 1993). To test whether
these transient lapses affected our electrophysiological results,
during the baseline afternoon (3:00 PM) and the sleep depri-
vation afternoon (3:00 PM) sessions, we additionally collected
TEPs and spontaneous EEG while subjects were engaged in the
CTT task (Makeig and Inlow 1993), which continuously
monitored their level of vigilance (Fig. 3a). In agreement with
previous studies (Makeig and Inlow 1993; Makeig et al. 2000),
Table 1
Nonparametric group analysis
Baseline Sleep deprivation Sleep recovery Friedman’s ANOVA
9:00 AM 3:00 PM 9:00 PM 3:00 PM 3:00 PM v2(4) P
Amplitude (lV) 2.43 ± 0.65 3.58 ± 0.99 4.12 ± 0.98 6.52 ± 1.30 3.62 ± 0.68 19.03 \0.0008
Slope (lV/ms) 0.32 ± 0.11 0.37 ± 0.11 0.4 3± 0.13 0.56 ± 0.14 0.40 ± 0.10 18.53 \0.001
Theta power (lV2) 1.01 ± 0.32 1.11 ± 0.45 1.06 ± 0.35 1.65 ± 0.62 1.17 ± 0.41 10.24 \0.037
Note: Data are mean ± SD.
Figure 2. Modulation of TEP slope (a), TEP amplitude (b), theta power of eyes-open spontaneous EEG (c), and PVT performance (d) as a function of time spent awake. Values are
mean ± standard error of the mean over subjects. Bonferroni-corrected two-tailed paired t-tests between sessions: *P\ 0.05, **P\ 0.01, ***P\ 0.001. Red bar indicates a night
of sleep deprivation and blue bar a night of recovery sleep.
Cerebral Cortex February 2013, V 23 N 2 335
poor CTT performance signiﬁcantly correlated (P < 0.05) with
increased spontaneous EEG theta power on a trial-by-trial basis
in each subject (data not shown). Conversely, no signiﬁcant
correlation was detected between single-trial task performance
and either TEP slope or amplitude (P > 0.05) in each subject. As
shown in Figure 3b, the amplitude of single-trial cortical
responses was tonically increased in all subjects after sleep
deprivation, irrespective of the concurrent performance/
vigilance level.
Discussion
The present measurements reveal, for the ﬁrst time in humans,
that the immediate cortical response to direct stimulation
increases progressively with time awake. This modulation is
signiﬁcant at the single-subject level and appears to reﬂect a
steady accumulation of cortical excitability occurring during
wakefulness rather than transient ﬂuctuations due to lapses of
vigilance. The fact that TMS/EEG revealed a clear-cut modula-
tion of cortical responsiveness at the individual level, whereas
previous works, employing single or paired-pulse TMS in com-
bination with electromyography, found more variable results
may have different explanations. First, TMS/EEG and TMS/EMG
are 2 complementary approaches that capture different aspects
of cortical excitability with different sensitivity. In this speciﬁc
case, we hypothesize that TMS/EEG assesses the responsive-
ness of cortical neurons in a way that is more similar to the one
classically employed in animals (electrical stimulation com-
bined with ﬁeld potential recordings) by measuring the imme-
diate cortical electrical response to a trans-synaptic
stimulation. This may be the reason why TMS/EEG better
replicates animal studies of cortical excitability after sleep
deprivation when compared with TMS/EMG. Second, using
TMS/EEG one can probe directly the excitability of frontal
associative areas (as it was done in the present study), whereas
TMS/EMG measurements are necessarily conﬁned to the motor
cortex. Since prolonged wakefulness and sleep deprivation in
humans are known to have a prominent effect on frontal
cortical circuits (Horne 1993), TMS/EEG on frontal cortex may
be more sensitive to these changes than TMS/EMG on motor
cortex. In order to directly test this hypothesis, future studies
should be designed to evaluate how the excitability of different
cortical areas (frontal and occipital, primary and associative)
changes as a function of prolonged wakefulness. To this
regard, a consistent increase of motor cortex excitability was
found when TMS/MEP (Manganotti et al. 2006) and TMS/EEG
(Del Felice et al. 2011) measurements were carried out in
sleep-deprived patients with juvenile myoclonic epilepsy.
In the animal model, changes in slope and amplitude of the
ﬁrst LFP component elicited by electrical stimulation of cortical
axons reﬂect changes in excitability related to the strength-
ening or weakening of cortical synapses. Accordingly, in vivo
long-term potentiation (LTP)-inducing procedures increase
LFP amplitude and slope (Bliss and Lomo 1973), whereas
long-term depression (LTD) procedures reduce it (Kirkwood
et al. 1993). We suggest that noninvasive cortical stimulations
Figure 3. (a) Example of the trajectory of the tracker ball during a visuomotor
compensatory tracking task session (subject 1) performed at 3:00 PM in the baseline
afternoon (left) and in the sleep deprivation afternoon (right). Sleep deprivation was
associated with transient lapses of vigilance and decreases in task performance, as
shown by the higher distance of the tracker ball from the target. (b) Single-trial TEPs
(amplitude is color coded) sorted according to the corresponding task error value
(black curve) are shown for each subject (a moving average filter spanning 5 trials
was applied for visualization purposes only). TMS pulses occur at 0 ms. The
superimposed black curve shows the single-trial task error value, measured in pixels,
sorted in ascending order. Task error did not correlate significantly with the amplitude
and slope of TEPs in any subject.
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and recordings by showing correlated changes of slope and
amplitude may capture changes in synaptic efﬁcacy occurring
in the human brain. Accordingly, the induction of LTP-like
modiﬁcations in human cortical circuits, by means of high-
frequency TMS protocols, results in a clear-cut increase of
early-latency TEPs (starting from 5 to 15 ms) (Esser et al. 2006;
Veniero et al. 2010). Hence, it is possible that also in humans, as
in animal models (Vyazovskiy et al. 2008; Liu et al. 2010), the
progressive enhancement of the immediate neuronal (EEG)
reaction to TMS may reﬂect an overall buildup of synaptic
strength occurring during wakefulness. As suggested by com-
puter models (Olcese et al. 2010), this progressive strengthening
of cortical connections occurring during wakefulness may be
linked to the increase of slow wave activity (SWA; 0.5--4.5 Hz)
that is normally observed during subsequent sleep (Borbe´ly and
Achermann 2005). Accordingly, we found preliminary evidence
that the changes in the slope of TEPs and the changes in sleep
SWA may be related (Supplementary Fig. 2).
Clearly, inferring on cortical plastic changes in humans based
on noninvasive measurements alone is not warranted, and
alternative mechanisms, accounting for the observed increase
of TEPs, should be considered. In principle, changes in the
membrane potential of cortical neurons can also affect the
responsiveness of cortical neurons (Rector et al. 2009). For
example, decreasing levels of activating neuromodulators
during prolonged wakefulness may render cortical neurons
hyperpolarized or bistable and thus more prone to react to TMS
with a high-amplitude synchronous burst of activity (Hill and
Tononi 2005). On the other hand, changes in glutamate and
monoamines may affect cortical excitability. Notably, ﬁxed-
potential amperometry in freely behaving rats showed a pro-
gressive increase in glutamate release from the cortex during
prolonged wakefulness (Dash et al. 2009), and in vivo micro-
dialysis in freely moving rats showed increased levels of
extracellular serotonin and dopamine in the basal forebrain
(Zant et al. 2011). Both observations could be associated with
increased excitability. While amperometry can be performed
only in animal models, forced desynchrony protocols in humans
(Cajochen et al. 2002) may be performed in order to deﬁne
a possible contribution of neuromodulation and circadian factors
to the observed changes of TEPs. Another mechanism that
may contribute to the observed increase of TEPs is a shift toward
excitation in the inhibition/excitation balance in cortical
circuits. Accordingly, in spite of a number of works reporting
negative results (Manganotti et al. 2001; Sale et al. 2007;
Doeltgen and Ridding 2010), 2 studies, employing TMS-elicited
MEPs (Civardi et al. 2001; Kreuzer et al. 2011), detected
a signiﬁcant decrease of short-term intracortical inhibition
occurring, at the group level, after 24 h of sleep deprivation.
Whether the present results are primarily contributed by
synaptic plasticity, changes in neuromodulation, or impaired
inhibition, they point to a novel electrophysiological correlate
of sleep pressure in humans: a progressive buildup of cortical
excitability that is rebalanced by subsequent sleep. Notably,
as illustrated in Figure 1, not only the observed changes are
repeatable across subjects but they are also statistically sig-
niﬁcant in single individuals. Such a strong effect is not
frequent in neuroimaging and evoked potentials studies, where
group-level analysis is often needed to detect signiﬁcant results.
In this perspective, measuring changes in cortical excitability
by means of TMS/EEG may represent a novel electrophysio-
logical approach to study sleep efﬁciency, the susceptibility to
prolonged wakefulness, as well as the mechanisms of insomnia
at the individual level (van der Werf et al. 2010). Hence, future
studies should be performed on larger and more heteroge-
neous (gender, age) populations, possibly including insomniacs
and depressed patients. Practically, measuring TEPs offers some
interesting advantages. Compared with slow-wave activity, the
classic marker of sleep pressure, TEPs can be measured at any
time during wakefulness without requiring subjects to fall
asleep. Compared with theta power, an EEG correlate of sleep
need and sleepiness that can be measured during wakefulness
(Finelli et al. 2000), TEPs seem to be more sensitive to sleep
pressure (their amplitude increased signiﬁcantly already during
the baseline day) but not affected by transient ﬂuctuations in
the level of arousal (Fig. 3). More generally, the present ﬁndings
suggest that, in humans, sleep may contribute to keep cortical
excitability under control and provide a plausible mechanism
for the well-known effects that sleep deprivation has on
seizures, hallucinations, and depressive symptoms.
Supplementary Material
Supplementary material can be found at: http://www.cercor.
oxfordjournals.org/
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